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It is wel l known that for a flexible polymer chain in a dilute solution, there exist 
two different types o f motions; namely, the translation diffusion o f its centers of mass 
and a set o f its internal normal modes generated from the motions o f chain segments 
wi th respect to its centre o f mass. During the past three decades, the advancement o f 
laser light scattering instrumentation and its sophisticated data analysis methods have 
enabled us to experimentally measure and distinguish these two types o f motions and 
test some basic theories o f polymer chain dynamics in dilute solution. 
Previous studies have accumulated lots of data related to dynamical properties o f 
polymer chains in good solvent. In order to study polymer chains nearby the theta 
state, we decided to choose a well-studied thermally sensitive 
poly(A^-isopropylacrylamide) (PNIPAM). Around its 0 temperature (-30.5 °C)， 
individual PNIPAM chains or spherical microgels can undergo the coil-to-globule 
transition when its solvent (water) changes f rom good to poor as the solution 
temperature increases across its lower critical solution temperature (LCST). 
As expected, only one narrow peak related to the translational diffusion of the 
entire chain was observed in the line-width distribution G ( r ) o f both linear chains 
and spherical microgels when x < 1, where x = {qR^ w i th q and Rg the scattering 
vector and the chain's radius o f gyration, respectively. As x increases and approach 1, 
we start to see a second peak related to fast internal motions o f linear chains, whose 
average l ine-width is related to some o f the internal motions (normal modes) 
predicted in the non-draining bead-and-spring model. However, for swollen 
microgels, the second peak related to the internal motions only appears when x is 
much higher (1/g 〜50 nm), indicating that thermal energy is not able to excite the 
entire microgel but only a small portion o f the gel network. As the solvent quality 
changes from good to poor, The internal motions is suppressed gradually and finally 
disappear due to the shrinking o f a linear chain or subchains in the gel network. 
Unexpectedly, we observed that the relative contribution o f the second internal 
motion peak slightly increases when the solvent quality decreases and quickly 
decreases when the solvent quality is poor. There is a turning near the © temperature. 
We thought that it might be due to a delicate balance between the interaction among 
chain segments and among chain segments and solvent at the © temperature so that 
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the chain becomes the most flexible and softest. Therefore, more internal normal 
modes can be excited by the thermal energy. Further, we thought that this may lead to 
a novel way to estimate the © condition of a given polymer solution. To test this 
speculation, we studied two additional polymer systems; namely, linear polystyrene 
chains in cyclohexane and poly(methyl methacrylate) chains in acetonitrile. The 
internal motions o f these two additional polymer systems are also most visible 
nearby their theta states. 
In summary, using dynamic laser light scattering, we studied the internal 
motions o f different polymer chains in dilute solution; namely, 
poly(A^-isopropylacrylamide) linear chains and microgels in water, polystyrene linear 
chains in cyclohexane and poly(methyl methacrylate) linear chains in acetonitrile. 
Our results reveal how the internal motions change wi th the solvent quality; 
unearthed that the internal motions are most visible, i.e., more internal normal modes 
are excited by the thermal energy, at the © state; and discovered a novel way to 
determine the © condition o f a polymer solution. More importantly, such a 
determined © condition is much closer to its definition derived f rom a single 
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Chapter 1 Introduction and Background 
In the last 40 years, the internal motions of various linear and flexible polymer 
chains in both good and © solvents have been systematically studied. For example, 
both static and dynamic properties o f polystyrene (PS), a typical representative 
model o f f lexible chains, has been extensively studied in tetrahydrofuran (THF), 
toluene, benzene, and ethylbenzene. In recent years, armed wi th new synthesize 
method，flexible polymer chains wi th high molecular weight have been successfully 
prepared. Besides PS, other flexible polymers or polymers wi th different 
conformation are chosen as model systems to qualitatively and quantitatively 
examine the internal motions. 
In this part, we w i l l illustrate the theoretical background o f the internal motions o f 
polymer chains in dilute solution. 
1.1 General introduction to internal motions 
1.1.1 Definition of translational diffusion and internal motions 
The dynamics o f flexible polymer chains in dilute solution is an old and important 
problem in polymer physics.^"^ When a polymer chain is flexible，it w i l l not only 
move as one object but also change its conformation all the t ime to obtain its most 
probable distribution. These kinds o f intrachain relaxations are referred to internal 
motions in contrast w i th the center-of-mass diffusion, which is also agitated by 
thermal energy.^ 
1.1.2 Theoretical background of internal motions 
When a polymer chain is treated as a combination o f springs and beads, its internal 
motions can be illustrated as how the motions o f the beads change the lengths and 
orientations o f the springs, which constantly reshape the chain conformation. Both 
Rouse and Z i m m deduced equations to describe this intrachain relaxation mode, 
separately in the draining and non-draining limits. Al though Zimm's consideration is 
much closer to the real situation, we stil l have to start w i th the deduction o f the 
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Rouse model since it is the simplest version o f the bead-spring model and readily 
understood. 
In the Rouse model, we assume that the chain has no excluded volume and there is 
no hydrodynamic interaction among different chains in the solution. In this model, 
the elastic forces on the «th bead (« = 2，3,..., A M ) are exerted by the two springs 
that connect their adjacent beads. A t the same time, the nth bead receives a random 
force fn f rom the solvent molecules. Supposing the spring force constant is ksp = 
n^Tlh^, and introducing ro = n and rM+i = where b is the spring length and n is 
the ith bead's position, we can write down the equation o f motion for the nth bead as 
follows. 
dr 
= K ( r “ + 丨- 2 0 + W … = 1 , 2 …AO (1.1) 
at 
where〔 is the fr ict ion coefficient o f each bead in the solvent. In eq. 1.1, the motions 
o f each bead are correlated w i th others, which make the exact solution o f the 
equation rather dif f icult . To make the problem easier, normal coordinates are brought 
in, defined as 
1 N Iyi j i 
= 了„(,) (,=0,1 …） （1.2) 
•/V f/=i ly 
Here q^{f) represents the global motion o f the chain, namely, the translational 
diffi ision. A l l the other normal modes correspond to the internal motions. 
Furthermore, an inverse transformation leads to m as a combination o f 仍，i.e., 
^ inn „ 
r ( 0 = 2 2 ^ c o s ~ q , W + q。W + ( - l ) ( « = 1 , 2 . . J V - 1 ) (1.3) 
/=i N 
A combination o f eqs. 1.1 and 1.3 results in 
=丄;f;c。s 竺 （ 么 
dt N f x N d/ 
1 ^ irm。 , 1 ^ irm, ^ 、 
1 ^ inn p , ( ^ ^ 1 
TV 二 N J (1.4) 
where the fr ict ion coef f i c ien t。 fo r i th mode is introduced for the convenience o f 





wi th k\ and 幻，respectively, presented by 
J^ - J^ 1L _ _ B_ .2 
‘ ‘ ‘ C \ n I Nb' (1-6) 
C 1 ^ irm 
g , « = 7 - Z c o s — f ( 0 (1.7) 
It clearly shows that the equation o f motion for q, depends on itself only, wi th the 
relaxation time Xj defined as 
dq, 1 1 
= “ = 0 , 1 . . . ) (1.8) 
I 
While in the Z i m m model, the hydrodynamic interactions among different beads 
are taken into account. In this case, the velocity o f one bead affects all the other 
beads through the f low o f solvent molecules. Z i m m considered different 
hydrodynamic situations in both the © and good solvent and derived the diffusion 
coefficient and relaxation time for each internal mode. In general, the longest 
intrachain relaxation time n can be expressed as 
t , = M 7 j ^ [ i j ] / A R T (1.9) ‘ 
where M i s the molecular weight o f the chain, [rj] and "o are the intrinsic and solvent 
viscosities, respectively, R is the gas constant, and T is the absolute temperature. The 
values o f numerical factor Ax are 0.822, 1.184 and 0.573, respectively, for the 
free-draining Rouse chain, the non-free-draining chain w i th and without 
pre-averaged hydrodynamic interaction.^'^^ In principle, the relaxation time o f the pth 
mode can be calculated f rom the first mode by 
丨 pa (1.10) 
where the exponent a = 2.0 and 1.5，respectively, for the free-draining (Rouse model) 
and non-draining models w i th the pre-averaged Oseen tensor. I f the non-draining 
model is used without the pre-averaged Oseen tensor, the calculated relaxation times 
approximately increase by a factor o f 2 in comparison w i th that obtained after the 
pre-averaging.ii Later, both the Rouse and Z i m m model were introduced into the 
theory o f the quasi-elastic spectrum, which enables us to interpret those 
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experimentally measured internal motions. 
1.2 Investigation of internal motions on LLS 
1.2.1 General introduction on investigation of internal motion by LLS 
It has been shown that these internal motions associated wi th the translational 
diffusion of flexible polymer chains in dilute solution w i l l add additional 
broadening to the spectrum o f the scattered light. ^ ^ Theoretical predictions on the 
degree o f this spectral broadening have been made on the basis o f the 
bead-and-spring dynamical models wi th or without considering the hydrodynamic 
interactions.^'^^ Practically, dynamic laser l ight scattering (LLS) is a powerful 
technique, which detects not only the translational diffusion o f the center o f mass o f 
individual polymer chains in solution but also their internal dynamics, provided that 
the average radius o f gyration (i?g) is comparable or larger than the reciprocal o f the 
2 1/2 
scattering vector {q) or the wavelength o f laser l ight used, where Rg( = <Rg >z ) 
is the root-mean square Z-average radius o f gyration and q = (47i«/Ao)sin(6>/2) is the 
scattering vector w i th n, Ao, and Q being the solvent refractive index, the 
wavelength in vacuum and scattering angles, respectively. 
The wel l-known Rouse-Zimm (RZ) model has been introduced to dynamic LLS 
3 16 
analysis by a number o f researchers, including Pecora, deGennes, and 
Dubois-Violette，i7 on the basis o f the concept o f dynamic structure factor，S{qJ), In 
the region qRg« 1，the contribution to S (q,t) is mainly f rom the translational 
diffusion o f the center o f mass o f the polymer chains. Therefore, S(q,t) takes a single 
/•J 
exponential form i f polymer chains are monodisperse. On the other hand, when qRg 
becomes larger than 1 and even for monodisperse polymer chains, S{q,t) becomes 
multi-exponential owing to a visible contribution f rom a series o f internal motions. 
Owe to the advancements o f digital instruments and sophisticated data-analysis 
methods, these two types o f relaxation processes can be experimentally distinguished 
and utilized to test related molecular theories o f polymer chain dynamics in dilute 
solution. 18-20 Separation o f internal motions and translational motions has been 
carried out by using the CONTIN method,^^ the double exponential or 
multiexponential f i t t ing method， the histogram method^^ and the discrete inversion 
method.24 The slowest mode is usually attributed to the translational motion whilst 
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faster ones are assigned to internal relaxation modes which could be coupled to the 
translational motions. 
1.2.2 Theory on internal motion detected by LLS 
When a coherent and monochromatic laser beam hits a dilute solution o f linear 
flexible polymer chains without any adsorption, the scattered light has a spectral 
distribution, S{q,co), due to the translational diffusion and internal motions, as 
follows 
S{q. oj) = ( j 
Where co is the angular frequency difference between the scattered and the incident 
light; D is the translational diffusion coefficient o f individual chains; and S{q,t) is 
generally expressed as 
\ /=0 m=0 / 
due to interference o f the scattered light f rom different segments wi th in a long 
polymer chain made o f N such segments, where ri(0) is the position o f the 1th 
segment at t ime 0 and rm(0 is the position o f the mth segment at t ime t. The reference 
point is the center o f mass o f the chain. Therefore, all the spatial and temporal 
information related to intrachain, or called internal motions, is corporated. Note that 
in a sufficiently diluted polymer solution, the interchain interference can be 
practically ignored. By incorporating the Oseen-Kirkwood-Riseman hydrodynamic 
interaction into the bead-and-spring model for a linear flexible polymer chain, Perico, 
Piaggio, and Cuniberti (PPC) have shown that the ensemble average in % , c y ) is 
formulated as， 
N 
S、q, 0)) = P, (x)Z(w，q'D) + a)L{co, + + 
a=l 
N N 
+ + r , ) + (1.13) 
a=l p=\ 
N N N 
a=l /?=1 
where x is defined as (qRgf, and L((o，T) is a frequency co-normalized Lorentzian 
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distribution, centered at the frequency (co。）of the incident light, w i th r the line-width 
at the half-height; and Pn(n = 0，1,…)，the intensity contribution o f each Lorentzian 
to the line-width distribution G (r) . The zeroth-order Po(x) represents the contribution 
from the translational diffusion; Pi (x, a)，the first-order contribution f rom the ath 
internal mode; P\ (x, a, p)，the second-order contribution from both the ath and (3th 
f 
internal modes; and so on. A t a relatively low scattering angle, i.e., x « 1, the 
observation length (1/q) is much larger than the chain size so that each chain can be 
viewed as a point without any internal structure; namely, Pn(n > 1) diminishes and 
S{q,co) only contains the first term. As x increases, Mq gradually decreases so that the 
light begins to probe into segments o f the chain, Pn(n > 1) begins to contribute to 
S{q,co) and the higher-order terms become more and more important. 
In the study o f the internal motions, the first cumulant Q{q), defined as the 
initial slope o f S{q,t), is also an important parameter. As shown by de Gennes and 
Dubois-Violette on the basis o f the Rouse-Zimm (RZ) spring-bead model, n (q ) is 
f-dependent when qR^ « 1; and becomes 一-dependent in an intermediate range o f 
q. As X further increases, the reduced first cumulant Q* , defined as 
gradually decreases and f inally approaches a plateau value, where "o , ^b and T are 
the solvent viscosity, the Boltzmann constant and the absolute solution temperature, 
respectively. 
1.3 Laser light scattering 
1.3.1 General introduction to laser light scattering 
When a beam o f monochromatic, coherent l ight is incident on a dilute 
macromolecule solution or suspension o f colloidal particles and the solvent refractive 
index is different f rom that o f the solute (macromolecules or colloidal particles), the 
incident l ight is scattered by each il luminated macromolecule or colloidal particle in 
all directions. The scattered l ight waves from different macromolecules or particles 
mutually interfere, or combine, at a distant, fast photomultiplier tube (PMT) or 
avalanche-photodiode (APD) detector and produce a net scattered intensity I(t) or 
photon counts n(t) which is not uniform on the detection plane. I f all the 
macromolecules or particles are stationary, the scattered l ight intensity at each 
direction would be a constant i.e.，independent o f time. However，in reality, all the 
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scatters in solution are undergoing constant Brownian motions, and this fact leads to 
both fluctuations o f the scattered intensity pattern on the detection plane and the 
fluctuations o f I( t) w i th time i f the detection area is sufficiency small. The fluctuation 
rates can be related to different relaxation processes such as translational and 
rotational diffusions as wel l as internal motions o f the macromolecules. The faster 
the relaxation process, the faster the intensity fluctuations w i l l be. 
In a broad definition, laser l ight scattering (LLS) could be classified as inelastic 
(e.g., Raman, fluorescence, and phosphorescence) and elastic (no absorption) light 
scattering. However, in polymer and col loid science, l ight scattering is normally 
referred to in terms o f static (elastic) or dynamic (quasi-elastic) measurements, or 
both, o f the scattered light. Static LLS as a classical and absolute analytical method 
measures the angular distribution o f time-average scattered intensity. On the other 
hand, dynamic LLS measures the intensity fluctuations instead o f the average light 
intensity (this is where the word dynamic comes from), and its essence may be 
explained as fol lows. When the incident l ight is scattered by a moving 
macromolecule or particle, the detect frequency o f the scattered l ight w i l l be slightly 
higher or lower than that o f the original incident l ight owing to the Doppler effect, 
depending on whether the particle moves towards or away f rom the detector. Thus, 
the frequency distribution o f the scattered l ight is slightly broader than that o f the 
incident l ight. This is why dynamic LLS is also called quasi-elastic l ight scattering 
(QELS). The frequency broadening («10^-10^ Hz) is so small in comparison w i th the 
incident l ight frequency Hz) so that i t is very di f f icul t to detect the broadening 
directly in the frequency domain. However, i t can be effectively recorded in the time 
domain through a t ime correlation function. For this reason, dynamic l ight scattering 
is sometimes known as intensity fluctuation spectroscopy. I f we use digital photons 
to measure the intensity fluctuations, the term photon correlation spectroscopy (PCS) 
is then used to refer to the technique described here. 
Static LLS as a classical and absolute analytical method measures the angular 
distribution o f the excess absolute time-average scattered l ight intensity, known as 
the excess Rayleigh ratio Ryy{d). A t infinite di lut ion and the zero scattering angle {6 
—0)， the weight-average molar mass (Mw) is related to Rv^iO) by 
~ KC 1 1 
: « — { \ + -<R >q ) + 2AC ( 1 1 4 ) 
R (0) M 3 V ⑺ 
L w、 , M-
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where K = 4TiV(dn/dCf/{NAXo'^) wi th Na is the Avogadro number, dn/dC is the 
specific refractive index increment, <Rg> is the square average radius of gyration; 
and A2 is the second virial coefficient. On the other hand, in dynamic LLS, we 
measure the intensity fluctuation of the scattered light. Since the internal motions are 
mainly studied by dynamic LLS so that we detail its quasi-elastic nature as follows. 
When the incident light is scattered by moving macromolecules or particles, the 
detected frequency o f the scattered light w i l l be slightly higher or lower than that of 
the incident light owing to the well-known Doppler effect, depending on whether the 
particle moves towards or away from the detector. Therefore, the resultant frequency 
distribution of the scattered light is slightly broader than that o f the incident light. 
Quantitatively, the incident light has a frequency of 〜lO�，Hz; while the broadening 
is only 〜lO，- lO? Hz, depending on how fast the scattering objects move inside the 
solution. Therefore, it is very diff icult to directly detect such a small broadening 
(〜IO6/IO15) in the frequency domain. However, it can be effectively recorded in the 
time domain through a time autocorrelation function, i.e.，the 
2 • 
intensity-intensity time correlation function, defined as <I(q,0)I(q,t)>/<I(q)> in the 
self-beating or homodyne mode, where t is the delay time and <I(q)> is the 
time-average scattering intensity. Each measured can be related to a 
normalized electric field-field time correlation function by the Siegert 
relation as 
G''\q,t) = A[\ + B\g'\q,t)\] (1.15) 
where ^ is a baseline; 0 < 5 < 1, a spatial coherent constant depending only on the 
instrumental detection optics. The value of B actually reflects the signal-to-noise 
ratio of a dynamic light-scattering experiment. is proportional to S(q,t) and 
related to the characteristic line-width distribution G( r ) by 
g \ q . t ) = t G ( r ) e - " d r (1.16) 
M) 
where G(r)dr is the statistic (intensity) weight of the scattering objects (particles or 
macromolecules) which possess a line-width r . For a dilute solution, r measured at a 
finite scattering angle is related to C and g by: 
T = q'D(l + k^C){l + fq <Rl>^) ( 1.17) 
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where D is the translational diffusion coefficient o f the solute molecule at C — 0, kd 
is the diffusion second viral coefficient, and / is a dimensionless parameter 
depending on polymer chain structure and solvent (For polymers w i th flexible chains 
in a good so lvent , / i s between 0.1 and 0.2). Therefore, when C « 1 and qRg < 1，D 
~ r /q^. In other words, for narrowly distributed polymer chains or spherical colloidal 
particles in a dilute solution or dispersion at x « 1, G ( r ) can be converted into a 
pure translational dififusion coefficient distribution G(D) by D = F/q^ or further to a 
hydrodynamic radius distributiony(i?h) by using the Stocks-Einstein equation. 
kT 
= 7 ~ ; r ~ (1.18) 
1.3.2 Data process about internal motions in LLS 
As the scattering angle increases, i.e., when Mq is comparable to the size o f a 
flexible scattering object, one has to consider the internal relaxation processes 
because l ight probes the motions inside these larger "particles" and their 
contributions to G ( r ) become more and more important. The coexistence o f the 
translational relaxation and internal motions can be analyzed by the fo l lowing double 
exponential equation. 
g ⑴ ⑴ = e x p ( - r ^ r ) + A丨 exp ( -r , r ) (1.19) 
where A and F are the intensity weighting and the characteristic delay rate o f the 
relaxation, respectively; subscripts " D " and " I " denote the dif fusion and internal 
modes. Note that A ^ + A i = 1. This f i t t ing enables us to obtain few characteristic 
parameters related to the internal motions, including the longest relaxation time and 
the first cumulant. For monodispersed polymer chains at inf inite dilution，g⑴(t) is 
theoretically expressed as 
容⑴(r)| = P,⑶ Qxp(-q'D,T) + P^ (x) exp 卜 ( f D。+ 2r「i + … （1.20) 
where Dq is the translational diffusion coefficient, xi is the longest intrachain 
relaxation t ime, and the expansion coefficients 尸i(x) obeys 
p ( X )=户0 (X) + (X) + … = ( 2 / x2 一 1 + X) (1.21) 
A combination o f them w i th the double exponential analysis leads to the fo l lowing 
equation w i th a collective intrachain relaxation t ime Tc. , 
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⑴ I = Ad Q x p i - q D r ) + A, e x p H q ' D + 2 r : ' ) r ] (1.22) 
A comparison o f eqs. 19 and 22 shows that 
(1.23) 
= 2 / r ( 1 .24 ) 
It is clear that Tc contains the contributions f rom all the internal modes and 
becomes n only when qRg approaches zero. On the other hand, the first cumulant can 
be calculated on the basis o f the double exponential method. The first cumulant is 
defined as 
Q =-\imd g^'\T)/dT 
° (1.25) 
= l i m r r G ( r ) Q x p ( - T T ) d r = r^ 
r->0 •b 
Fe is named as the effective decay rate, identical to the first cumulant. Using eq. 19， 
we have 
Q = r ^ = A r ^ + A r , ( 1.26) 
In our laboratory, A modif ied commercial LLS spectrometer 
(ALV/DLS/SLS-5022F) equipped wi th a multi-x digital time correlator (ALV5000) 
and a cylindrical 22 m W UNIPHASE He-Ne laser (Ao = 632nm) was used. The 
incident beam was vertically polarized w i th respect to the scattering plane and the 
intensity was regulated w i th a beam attenuator (Newport M-925B) so that possible 
localized heating in the l ight scattering cuvette is avoided. Note that the highest 
reachable scattering angle in LLS spectrometers is practically l imited to 160°. 
Nowadays, we normally directly measure the intensity-intensity t ime correlation 
function G⑶(q’f) o f the scattered l ight in self-beating mode in real t ime in a modem 
LLS spectrometer, which can further lead to the dynamic structural factor S(q,t), the 
Fourier transform o f S(q,co). Note that the highest reachable scattering angle in an 
LLS spectrometers is practically l imited to 160°. In previous research，experimental 
data has been accumulated mainly for polystyrene (PS), which has long been 
regarded as the best model polymer o f linear flexible chains in both good and theta 
solvents. The first cumulant [Q(^)] obtained f rom the measured time correlation 
functions was found to be q^- and ^^-dependent, respectively, for qRg«l and qRg> 1, 
which is in agreement w i th what is described in a non-free-draining model. A t the 
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same time, the characteristic relaxation time o f the first and second modes, the 
plateau value o f the reduced first cumulant was measured?^"^^ However, some of 
these experimental results are different from previous theoretical predictions, which 
are understandable because the theoretical model is over-simplified. The discrepancy 
led to a revision o f classical theory and the birth o f some new models.4i’42 
In particular, we should mention a previous comparative study o f the internal 
motions o f poly(A^-isopropylacrylamide) (PNIPAM) linear chains and spherical 
microgels under a good solvent condition. Note that PNIPAM is an extensively 
studied thermally sensitive polymer and individual linear PNIPAM chains free in a 
dilute solution or sub-chains in a PNIPAM gel network can undergo a coil-to-globule 
transition around 32 °C. Such a transition leads to the so-called volume "phase" 
transition, or more precisely, a sharp volume decrease (shrink) o f a swollen gel 
network as the solution temperature increases across 〜31-33 °C at which the solvent 
quality o f water changes from good to poor.43’44 
In the current study, we focused on the internal motions o f narrowly distributed 
PNIPAM linear chains and spherical microgels during such a coil-to-globule 
transition. The objectives are to f ind how the internal motions are suppressed when 
the chain or sub-chains are shrinking and any difference between individual linear 
chains and a gel network. Then we w i l l examine the variation o f internal motions 
wi th the change o f solvent quality for other polymer solution systems. 
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Chapter 2 Internal motions of PNIPAM chains in 0 and bad 
solvent 
2.1 Introduction 
PNIPAM is an extensively studied thermally sensitive polymer and individual 
linear P N I P A M chains free in a dilute solution can undergo a coil-to-globule 
transition around 32 Such a transition leads to the so-called volume "phase" 
transition，or more precisely, a sharp volume decrease (shrink) o f a swollen gel 
network as the solution temperature increases across -31-33 °C at which the solvent 
quality o f water changes f rom good to poor. 
Previous comparative study o f the internal motions o f poly(A^-isopropylacrylamide) 
(PNIPAM) linear chains under a good solvent condit ion has been done by our lab.〗 In 
the current study, we focused on the internal motions o f narrowly distributed 
PNIPAM linear chains during such a coil-to-globule transition. We intend to f ind 
how the internal motions are suppressed when the chain are shrinking. 
2.2 Experimental section 
2.2.1 Sample preparation 
The high molar mass poly(A^-isopropylacrylamide) (PNIPAM) linear chains were 
synthesized by radical polymerization.'^ The reaction scheme is shown as fol lows, 
n H 2 C = c h 
I AIBN/Benzene * H2C—CH— 






S c h e m e 2.1 Synthesis o f poly(AMsopropylacrylamide) (PNIPAM) linear chains 
H igh molecular weight poly(A^-isopropylacrylamide) (PNIPAM) linear chains w i th 
narrowly distr ibution (Mw = 2.4 x 10^ g/mol, Mw/Mn < 1.1) is obtained by fraction 
puri f icat ion method. The concentration o f the prepared polymer solution is 8.63x10'^ 
g/mL. The polymer is dissolved at room temperature for one month and is gently 
shaked twice a day. , 
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2.2.2 Dynamic laser light scattering 
A modif ied commercial LLS spectrometer (ALV/DLS/SLS- 5022F) equipped w i th 
a multi-T digital t ime correlator (ALV5000) and a cylindrical 22 m W UNIPHASE 
He-Ne laser (义。=632 nm) was used. The incident beam was vertically polarized wi th 
respect to the scattering plane. The samples were clarif ied w i th 0.45卞m Mi l l ipore 
hydrophilic f i l ter to remove dust. 
2.3 Result and Discussion 
Figure 2.1 shows that the extrapolation o f the time-average scattered l ight intensity 
at different solution temperatures to the zero angle leads to an identical value，i.e.， 
there is no change in the weight-average molar mass, but the scattered l ight intensity 
becomes much less dependent on the scattering angle as the solution temperature 
increases. On the basis o f eq 1.14，Figure 2.1 clearly reveals the collapse o f 
individual chains as the solution temperature increases w i th no interchain association. 
Otherwise, we would see an increase o f the scattered l ight intensity at ^ = 0 because 
the scattered l ight intensity is proportional to the square o f the mass o f a scattering 
object. Figure 2.1 lays a solid ground for us to study internal motions o f individual 
chains at different solution temperatures, especially under the © and poor solvent 
conditions. 
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Figure 2.1 Scattering-vector (angular) dependent time-average 
scattered l ight intensity (Rayleigh ratio) o f 
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poly(A^-isopropylacrylamide) linear chains in water at 
three different temperatures. 
Figure 2.2 summarizes how the average sizes o f individual polymer chains vary 
wi th the solution temperature, where the dash line marks the © temperature and the 
poor solvent region is on its right side. A comparison o f the chain sizes under the 
good (lower temperatures) and the poor (higher temperatures) solvent conditions 
reveals that individual chains do not shrink too much up to the 0 temperature and the 
collapse o f individual PNIPAM chains occur wi th in a very narrow temperature 
window after passing the 0 point. Figure 2.2 enables us to calculate our 
experimentally reachable range o f x = (qRg) at each solution temperature. 
2 .5. 
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Figure 2.2 Solution-temperature dependent average radius o f 
gyration and hydrodynamic radius o f 
poly(A^-isopropylacrylamide) linear chains in water 
Figure 2.3 shows how the internal motions vary w i th the relative observation 
length scale (x) at 31.5 °C at which the chains are not fu l ly collapsed yet, where the 
l ine-width (F) is scaled w i th both the translational di f fusion coefficient (D) and 
scattering vector (q) so that the relaxation (l ine-width) related to the translational 
dif fusion becomes unity. I t is worth-noting that here \/q is compared w i th Rg. For x < 
1，i.e., l/q > Rg，each chain behaves just l ike a structure-less point so that we only see 
one peak w i th no interference f rom the internal motions. When x > 1, a second peak 
related to the internal motions appears in the measured l ine-width distribution, which 
relaxes 10-20 times faster than the translational diffusion. 
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Figure 2.3 x-dependent D f - s c a l e d l ine-width distributions G [ r / ( D ^ )] o f 
poly(A^-isopropylacrylamide) linear chains in water, where the peak 
related to internal motions is enlarged by a factor o f 100 times for a 
better view. 
It needs to mention that the average position o f the internal motions moves to the 
left, i.e., they slow down, as x increases. The existing theories state that at x > 1, 
o f a f lexible coiled chain under either the free-draining^ and non-draining^ l imi t is 
dominated by the first f ive relaxation processes; namely, the pure translational 
diffusion plus four principle internal motions in a decreasing order o f their 
contributions to G ( r ) . A t x > 1，eq 1.13 in the time domain can be rewrit ten as 
M=0 
The numerical values o f Pn in the range 1< x <10 have been calculated. Using the 
Z i m m model，we haveF = ，where [77] and ‘ are the intrinsic viscosity 
and the eigenvalues, respectively. ? Normalized by Dq^ and converting q to x, we can 
rewrite i t as 
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Note that the Stokes-Einstein equation shows that RT/(D?]o) = SttRhNa so that eq 
2.2 can further rewritten as 
r = 诞 伪 丄 (23) 
“ X M[?]] X M[7]] 
where Rg/Rh measures the chain conformation; and M [ j j ] is proportional to the 
hydrodynamic volume of a flexible chain and widely used in GPC for the universal 
n 
calibration. Therefore, both Rg/Rh and i^h / ( M " ] ) are constants, independent of 
polymer and solvent for a given solution condition. Eq 2.3 reveals that T J { D ^ ) 
decreases as x increases for a given solution temperature, which explains the shift of 
the average position o f the second peak. 
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Figure 2.4 Solution-temperature dependent l ine-width distributions 
G[r/(Z)^^)] of poly(A^-isopropylacrylamide) linear chains 
in water, where the peak related to internal motions is 
enlarged by a factor of 50 times for a better view. 
Figu re 2.4 shows how the Df -sca led line-width distribution changes with the 
solution temperature for a given scattering angle. Note that here it is the change of 
<Rg> that varies x; and \/q 〜44 nm. The peak related to the internal motions 
becomes smaller and smaller as the solution temperature increases. Also note that as 
the solution temperature increases beyond the © temperature (-30.5 °C), each chain 
in water dramatically shrinks and x decreases from 21.5 to 0.37 within the range 
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30.5-33.0 In their ful ly collapsed state (T 〜33.0 <Rg> - 2 7 nm and x < 1), 
there is only one diffusive relation and no internal motions appear. Eq 8 shows that 
for a given.仏 TJiDq^) is proportional to 1 / V because Rh/(M[7]]) = 9.56 x lO'^^and 
6.94 X 10-25 for a for a coiled chain and a hard sphere, respectively, which is a weak 
function of the chain conformation. This is why the peak related to internal motions 
in Figure 2.4 shifts to the right. On the other hand, the decrease of the peak area (the 
contribution of the internal motions to the line-width distribution) reflects the 
suppression of internal motions as each chain shrinks. To our knowledge, there has 
been no theory about such a decrease yet, but it is physically reasonable; namely, as 
the chain collapses, it becomes more and more diff icult for the thermal energy (知T) 
to excite its internal motions. 
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Figure 2.5 Solution-temperature dependent average chain density 
( < p > c h a i n ) , defined in terms of its hydrodynamic volume, 
of poly(A^-isopropylacrylamide) in water, where the 
arrow points to the polymer density at © temperature. 
Figure 2.5 shows that the average chain density increases more than 60 times from 
3 X 10-3 to 1.9 X iQ-i g/cm^ as individual PNIPAM chains collapse from a 
random-coil to a uniform globule conformation, where <p > c h a i n is defined as 
Mv/(4A^A7r〈及h>3/3). Note that even in its ful ly collapsed state, each chain, on average, 
still contains about 80% of water inside its hydrodynamic volume. Figure 2.6, on the 
other hand, shows how the weighting of the internal motion (the area ratio o f the two 
peaks in Figure 2.4) at different scattering angles varies as the chain undergoes the 
coil-to-globule transition. In the good solvent region, A I / ( A I + A D ) essentially remains 
- 2 0 -
a constant for each given scattering angle, revealing that the slight shrinking of 
individual chains in this region has no effect on its internal motions because each 
chain still remains a random-coil conformation. When the solvent quality becomes 
poorer, A I / ( A I + A D ) dramatically drops and the internal motions disappear at 
temperatures higher than - 3 2 °C at which the chain is collapsed. Surprisingly, at 
different scattering angles, A I / ( A I + A D ) always has a highest value located near the © 
temperature, even though the difference is fairly small. Again, there is no theory to 
predict such a maximum, but it is physically reasonable. Namely, each linear 
polymer chain should become the most flexible and softest at its ideal state so that it 
is easier for the thermal energy to excite its internal motions (normal modes). 
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Figure 2.6 Solution-temperature dependent area ratio A I / ( A J + A D ) o f two 
peaks, respectively, related to internal motions and diffusion of 
poly(A^-isopropylacrylamide) linear chains in water at different 
scattering angles, where the dash line marks the point at which 
internal motions become the strongest. 
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Figure 2.7 Average chain-density dependent area ratio A I / ( A I + A D ) 
of two peaks, respectively, related to internal motions 
and dif fusion o f poly(A^-isopropylacrylamide) linear 
chains in water at different scattering angles, where the 
arrow points to the density at which internal motions are 
completely suppressed. 
Figure 2.7 shows a combination o f results in Figures 2.5 and 2.6; namely, how 
A I / ( A I + A D ) decreases whi le individual chain undergoes the coil-to-globule 
transition to increase the average chain density at different scattering angles. For 
each given chain density, A I / ( A I + A D ) increases w i th the scattering angle. This is 
because at a smaller l/q, one probes more internal motions inside each coiled chain, 
especially when it is in its highly swollen state at lower temperatures. Note that 
<p > c h a i n can be read as the average local polymer concentration inside the 
hydrodynamic volume o f each polymer chain. Therefore, Figure 2.7 actually reveals 
how the chain crowding suppresses the internal motions o f individual chains, 
reflecting in the fact that AI / (AI+AD )decreases as < p > c h a i n i ncreases and f inal ly 
approaches zero at < p > c h a i n 〜1.2 x 10"^  g/cm〗 that is 〜135 times higher than its 
overlapping concentration in water at 25.0 °C. 
In order to further illustrate why the internal motions o f linear P N I P A M chains 
disappear at higher temperatures, we plot the temperature dependence o f the ratio o f 
the average radius o f gyration to the average hydrodynamic radius, as shown in 
Figure 2.8. <Rg>/<Rh> is a parameter that describes the chain conformation. For 
linear f lexible chains in good solvent and hard spheres w i t h a un i form density, both 
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theoretical and experimental studies have showed that <Rg>/<Rh> 〜1.5 and 〜0.77， 
respectively.^' ^^  
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Figure 2.8 Solution-temperature dependent ratios of average radius 
of gyration and hydrodynamic radius o f 
poly(AMsopropylacrylamide) linear chains in water, 
where the dash line marks the © temperature, and the 
arrow points to the molten globule state, which is 
schematically shown on the left. 
As expected, the change of <Rg>/<Rh> would fol low the dash line in Figure 2.4 
and approach 0.77 when the chain is ful ly collapsed. However, we have consistently 
observed a dip (minimum) of <Rg>/<Rh> before the chain reaches its globular state. 
Such a dip is related to the so-called molten globular state in which many small loops 
are formed on the periphery o f a shrunk chain, as schematically shown in Figure 2.8. 
These small loops lead to a larger hydrodynamic size, but have little effect on the 
radius of gyration because of their insignificant masses, so that <Rg>/<Rh> < 0.774 
predicted for a uniform non-draining sphere. A combination o f Figures 2.7 and 2.8 
clearly reveal that the internal motions are still visible when <Rg>/<R\^> is still in the 
dip but disappears after it reaches the plateau, supporting our previously proposed 
concept o f the molten globular state, i，" 
2.4 Conclusion 
Internal motions o f poly(A^-isopropylacrylamide) linear chains in the © and poor 
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solvents reveals that the thermal energy (知7) is able to excite the entire linear chain 
to undergo the longest normal mode as well as the internal mode. Namely, only 
translational diffusion can be detected only x < 1, and the internal motions o f linear 
chains are detectable only when x > 1 where x = {qRgf wi th Rg the radius o f gyration. 
We also found that the contribution of internal motions makes a turning around © 
temperature, presumably because the chain becomes the most deformable (the softest) 
when the interaction among chain segments and among solvent molecules and 
segments are balanced. Further, our results reveal that the internal motions are 
gradually suppressed during the coil-to-globule transition o f individual PNIPAM 
linear chains when the solvent quality changes from good to poor, implying that the 
internal motions should be suppressed when the chains are overlapped in the semi-
and concentrated regions. 
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Chapter 3 Internal motions ofPMFAM microgels in 6 and bad 
solvent 
3.1 Introduction 
Microgels are highly swollen colloids built up of flexible cross-linked chains. 
Similar to polymer chains, PNIPAM microgels also, exhibt a swollen to shrank 
transition based on the temperature change which due to the break of hydrogen bonds. 
Previous data presents this continuous and reversible.transition takes piace. around 34 
op which is due to the delicate balance between interactions favoring swelling of 
microgel particles (e.g. salvation of the PNIPAM chains via hydrogen bonding with 
water) and those responsible for collapse (e.g. inter and intra-chain hydrogen 
• 1 12 bonding and elasticity o f the network). ’ 
Excited by the thermal, energy, each of the microgels w i l l undergo the translational 
diffusion as a whole. In addition, there is chain diffusion between llie crosslinkiiig 
poiijts ai)d sparse and dense alternation in a specific location. This is referred to the 
internal motions of microgels. Since this kind of motion is just like microgels is 
3 
taking breath. Thus it's named breath mode.，， 
In this part, we w i l l synthesize the PNIPAM microgel by emulsion 
polymerization.^'^ Then dynamic laser light scattering is utilized to study the physical 
property and internal motions o f microgels. 
3.2 Experimental section 
3.2.1 Sample preparation 
NIPAM, KPS, and M B A is purchased from Sigma and purified before further use. 
N IPAM and M B A are first dissolved in water. The system is stirred under nitrogen 
f low for half an hour. Then rise the temperature to 70 °C and add KPS to initialize 
the reaction. The reaction keeps going for 4h. The reaction equation is shown as 
follows. 
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f 
KPS / Water ’ 
N IPAM + MBA • , c = o ) C = 0 
CH(CH3)2 H N \ 
“ . c = Q . • . / I u 
• ——HjC-dH--* 
Jy 
S c h e m e 3.1 Synthesis o f poly(A^-isopropylacrylamide) (PNIPAM) microgels 
3.2.2 Dynamic laser light scattering 
A modif ied commercial LLS spectrometer (ALV/DLS/SLS- 5022F) equipped w i th 
a multi-T digital t ime correlator (ALV5000) and a cyl indrical 22 m W UNIPHASE 
He-Ne laser (义o = 632 nm) was used. The incident beam was vertically polarized w i th 
respect to the scattering plane. The samples were clarif ied w i th 0.45-|im Mi l l ipore 
hydrophil ic f i l ter to remove dust. 
3.3 Result and Discussion 
Figure 3.1 shows how microgels shrink w i th an increasing temperature. For 
hydrodynamic radius, the size shrinks to about hal f o f its original during the 
temperature change. A comparison o f Figures 2.2 and 3.1 shows that the microgels 
collapse much less than the chains, presumably due to the cross-linking that already 
prevents the swollen o f the gel network at lower temperatures.^'^ 
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Figure 3.2 x-dependent f - sca led l ine-width distributions 
G[r / (Df) ] of poly(AMsopropylacrylamide) linear 
chains in water, where the peak related to internal 
motions is enlarged by a factor o f 2,000 times for a 
better view. 
Figure 3.2 shows that in contrast to linear chains where internal motions were 
observed at x 〜1, the second peak related w i th the internal motions o f the microgels 
is much weak and appears only when x > 8 at 25.0。C; namely, we can only observe 
their internal motions when Mq 〜50 nm S〈及g>/3, instead o f at Mq 〜<i?g〉, imply ing 
that the thermal energy can excite the entire linear chain w i th its longest normal 
mode, but only a small port ion o f a gel network w i th a dimension o f 〜50 nm. I f 
imaging that the gel network is made o f small uni form meshes w i th a dimension o f 
〜10 nm on the basis o f the cross-linking density, we are able to estimate that the 
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Figure 3.3 Dispersion-temperature dependent average chain density 
(<P>chain) defined in terms of its hydrodynamic volume, and 
area ratio AI /(A i+Ad) o f two peaks, respectively, related to 
internal motions and diffusion o f poly(A^-isopropylacrylamide) 
spherical microgels in water at two different scattering angles, 
where dash line marks the temperature at which internal 
motions become the strongest and the arrow points to the 
density when internal motions are completely suppressed. 
Figure 3.3 reveals that A I / ( A I + A D ) initially increases as the microgels shrink in the 
good solvent region, reflecting the increase of the average chain density with the 
temperature. Further increase of the temperature leads to a more and quick collapse 
of the microgels as well as a sharp decrease of A I / ( A I + A D ) , starting at 32.5 °C that is 
two degrees higher than the © temperature of PNIPAM linear chains in water. A t 37 
the microgel approaches their ful ly collapsed state and A I / ( A I + A D ) becomes zero, 
indicating complete suppression of the internal motions. The increase of Ai/(AI+AD) 
can be attributed to a gradual decrease of the entropic elasticity (elastic module) of 
the gel network because the microgel becomes "softer" when it swells less as the 
dispersion approaches its 0 temperature.^®'" 
Following our previous argument that a polymer chain should be mostly 
deformable at its idea state; namely, the interaction among its segments is balanced 
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by that between solvent and segment, we can mark this turning (maximum) point of 
A I / ( A I + A D ) as the © temperature of the PNIPAM microgels in water. I t has been 
known that the volume phase transition of a gel network, depending on whether it 
has a lower or upper critical solution temperature (LCST or UCST), shifts to a higher 
or lower temperature as the cross-linking density increases, i.e.，the average length of 
12 
the sub-chains between two neighboring cross-linking points decreases. For a 
PNIPAM gel network in water with a LCST, the shift of its 0 temperature from 30.5 
to 32.5 °C is reasonable. 
3.4 Conclusion 
Internal motions of poly(A^-isopropylacrylainide) spherical microgels in the 0 and 
poor solvents are investigated. It's found that the thermal energy (知7) is only able to 
excite only a portion of the microgel network with a dimension of - 50 nm，on the 
basis of the lowest scattering vector {q) at which the internal motions appear in the 
characteristic line-width distribution measured in dynamic laser light scattering, that 
is the internal motions of spherical microgels are detectable only when x > 8, 
respectively, where x = (qRgf wi th Rg the radius of gyration. It's similar with 
PNIPAM linear chains the internal motions are mostly observable at the © 
temperature for microgels. Such a finding leads to a convenient way to estimate the 
0 condition of a given polymer solution. Further, our results reveal that the internal 
motions are gradually suppressed during the coil-to-globule transition of sub-chains 
inside the microgel network when the solvent quality changes from good to poor. 
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Chapter 4 Examination on the internal motions variations with 
solvent quality of Polystyrene chains 
4.1 Introduction 
As a classical model for flexible chains, polystyrene chains have been examined 
for tens of years in good and theta solvent.^"^^ Among them cyclohexane is one of the 
representative solvents. PS chains in cyclohexane bears theta temperature around 
34.5 according to the previous results/^"^^ When temperature is above 34.5 
cyclohexane performs as a good solvent and turns to bad solvent when temperature is 
lower than theta temperature. In recent years, armed with new synthesize method， 
flexible polymer chains wi th high molecular weight have been successfully prepared, 
which makes the study of the internal motions in the intermediate q region (qRg > 1 
but ql < 1) easier, where I is the length of a statistic segment/。 
In this part, we intend to investigate how the internal motions change when 
temperature decreases gradually and further test the validity of using the temperature 
dependent area ratio of the two peaks in the measured line-width distribution to 
estimate the 0 condition. 
4.2 Experimental Section 
4.2.1 Sample preparation 
High molecular weight polystyrene wi th narrowly distribution (Mw = 6.8 x 10 
g/mol, Mw/Mn < 1.1) is purchased from scientific polymer. The concentration of the 
prepared polymer solution is 2x10"^ g/mL. The polymer is dissolved in 60 °C for two 




Scheme 4.1 The chemical structure formula o f polystyrene 
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4.2.2 Dynamic laser light scattering 
A modif ied commercial LLS spectrometer (ALV/DLS/SLS- 5022F) equipped wi th 
a multi-T digital t ime correlator (ALV5000) and a cyl indrical 22 m W UNIPHASE 
He-Ne laser (Xq = 632 nm) was used. The incident beam was vertically polarized wi th 
respect to the scattering plane. The samples were clarif ied w i th 0.45-)j,m Mi l l ipore 
fi lter to remove dust. 
4.3 Result and Discussion 
Figure 4.1 shows the hydrodynamic and gyration radius o f polystyrene chains 
changes w i th the solvent quality varies. Different f rom solution w i th LCST, PS in 
cyclohexane exhibits a high crit ical solution temperature. The" chains shrink slightly 
w i th the temperature goes down. During the process o f polymer dissolution, there are 
two kinds o f forces acts in between, namely the interaction between the polymer 
segment and solvent molecule and the force among the polymer segments. As the 
temperature goes down, the interaction w i th solvent molecules is weaken whi le the 
case is reinforced for polymer segments, which leads to the shrunk o f the PS chains. 
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Figure 4.1 Solution-temperature dependent average radius o f 
gyration and hydrodynamic radius o f polystyrene linear 
chains in cyclohexane 
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Figure 4.2 shows how the internal motions vary w i th the relative observation 
length scale (x) at 34.8 which is close to theta temperature for PS/cyclohexane 
system. Line-width (T) is scaled w i th both the translational diffusion coefficient (D) 
and scattering vector (q) so that the relaxation (line-width) related to the translational 
diffusion becomes unity. As described before for x < 1，i.e., \/q > Rg, each chain 
behaves just l ike a structure-less point so that we only see one peak w i th no 
interference f rom the internal motions. When x > 1, a second peak related to the 
internal motions appears in the measured l ine-width distribution, which relaxes about 
10 times faster than the translational diffusion. 
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Figure 4.2 x-dependent -scaled l ine-width distributions G [ r / ( Z ) f ) ] o f 
polystyrene chains in cyclohexane, where the peak related to internal motions is 
enlarged by a factor o f 50 times for a better view. 
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Figure 4.3 Solution-temperature dependent l ine-width distributions 
G[r/{Dq )] o f polystyrene linear chains in cyclohexane, 
where the peak related to internal motions is enlarged by a 
factor o f 50 times for a better view. 
Figure 4.3 shows how the Df -sca led l ine-width distribution changes wi th the 
solution temperature for a given scattering angle. Here it's worth to note instead o f 
the vanishment o f the internal motion peak for PNIPAM chain case, the internal 
motion peak sti l l exists in bad solvent condition( T = 30 °C). However, the internal 
motions peak becomes smaller and smaller as the solution temperature decreases. 
The disparity o f internal motions performance between polystyrene and PNIPAM 
may be due to in bad solvent, PNIPAM chains totally collapse and PS chain only 
partially shrinks. However, the decrease o f the peak area (the contribution o f the 
internal motions to the l ine-width distribution) sti l l reflects the suppression o f 
internal motions as each chain shrinks. 
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Figure 4.4 Solution-temperature dependent area ratio A I / ( A I + A D ) o f two 
peaks, respectively, related to internal motions and diffusion o f 
polystyrene linear chains in cyclohexane at 150 degrees, where 
the dash line marks the point at which internal motions become 
the strongest. 
Figure 4.4, shows quantitively how the weighting o f the internal motion at 
specific angle varies as the solvent quality changes. In the good solvent region, 
A I / ( A I + A D ) essentially remains a constant for each given scattering angle, revealing 
that the slight shrinking o f individual chains in this region has no effect on its 
internal motions because each chain stil l remains a random-coil conformation. When 
the solvent quality becomes poorer, A I / ( A I + A D ) drops wi th the chain collapsing. 
Again we f ind the contribution from internal motions makes a turning around the G 
temperature. However, it's different f rom the PNIPAM chain, the internal motion still 
shows in bad solvent quality and the tendency of the decrease is not as apparent as 
PNIPAM case. 
4.4 Conclusion 
Internal motions o f polystyrene linear chains in cyclohexane are examined. It 
reveals that in the 0 and poor solvents thermal energy {k^T) is able to excite the 
entire linear chain to undergo the longest normal mode as wel l as the internal mode. 
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Only translational dif fusion can be detected only x < 1，and the internal motions o f 
linear chains are detectable when x > 1 where x = (qRgf w i th Rg the radius o f 
gyration, which is in highly accordance wi th the description in theory and the case o f 
PNIPAM linear chains. We also found that the contribution o f internal motions 
makes a turning around © temperature, which supports our prediction. This should 
be due to the most deformable state o f the chains when the interaction among chain 
segments and among solvent molecules and segments are balanced. 
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Chapter 5 Examination on the internal motions variations with 
solvent quality of Poly(methyl methacrylate) chains 
5.1 Introduction 
Different from classical flexible chains, such as polystyrene and 
poly(A^-isopropylacrylamid), Poly(methyl methacrylate) chains having high chain 
stiffness and r i g i d i t y . T r a d i t i o n a l theory didn't describe the internal motions of 
rigid or semi-rigid chain. In our experiment, we w i l l use laser light scattering to track 
the diffusion and internal motions of high molecular weight, narrowly distributed 
PMMA chains. 
According to the previous research, P M M A chians in acetonitrile bears theta 
temperature around 44-45。。.彳’�When temperature is above theta temperature, 
acetonitrile is its good solvent while changes to bad solvent when temperature is 
lower than theta temperature. In this part, we examined the PMMA/Acetonitr i le 
system and studied the length and time scale of the internal motions for P M M A 
linear chains observed on laser light scattering. Also, we focus on how the internal 
motions change when temperature decreases gradually and further test the validity of 
using the temperature dependent area ratio of the two peaks in the measured 
line-width distribution to estimate the 0 condition. 
5.2 Experimental Section 
5.2.1 Sample preparation 
High molecular weight atactic poly(methyl methacrylate) wi th narrowly 
distribution (Mw = 2 x 10^ g/mol, Mw/Mn < 1.1) is purchased from scientific polymer. 
The concentration o f the prepared polymer solution is lO'"^  g/mL. The polymer is 
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Scheme 5.1 The chemical structure formula o f poly(methyl methacrylate) 
5.2.2 Dynamic laser light scattering 
A modified commercial LLS spectrometer (ALV/DLS/SLS- 5022F) equipped with 
a multi-T digital time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE 
He-Ne laser (io = 632 nm) was used. The incident beam was vertically polarized with 
respect to the scattering plane. The samples were clarified wi th 0.45-|im Mill ipore 
hydrophobic filter to remove dust. 
5.3 Result and Discussion 
In figure 5.1, we plot the temperature dependence of the ratio of the average 
radius o f gyration to the average hydrodynamic radius. <Rg>/<Rh> is a parameter that 
describes the chain conformation.^'^ For linear flexible chains in good solvent with a 
uniform density, both theoretical and experimental studies have showed that <Rg>/<-
Rh> 〜1.5, as the results we have shown for poly(A^-isopropylacrylamide) and 
polystyrene chains.^®"^^ For P M M A linear chains in good solvent, the value o f 
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Figure 5.2 x-dependent D ^ - s c a l e d l ine-width distributions o f P M M A 
chains in acetonitrile, where the peak related to internal motions is 
enlarged by a factor o f 20 times for a better view. 
Figure 5.2 shows at 48 °C，which is in good solvent condition, how the internal 
motions vary w i th the relative observation length scale (x). For x-axis, l ine-width (F) 
is scaled w i th both the translational dif fusion coefficient (D) and scattering vector (q) 
so that the relaxation ( l ine-width) related to the translational di f fusion becomes unity. 
When X = 0.03, i.e., 1/q » Rg, each chain behaves just l ike a structure-less point so 
that we only see one peak w i th no interference f rom the internal motions. However, 
different f rom the previous results, the internal motions can be detected even when x 
< 1. It 's clear to see the internal mode is around 10-20 times faster than the diffusive 
mode. However, we think this phenomenon needs to be further confirmed by 
applying higher molecular weight sample. 
Figure 5.3 shows how the Dq^-scaled l ine-width distr ibution changes w i th the 
solution temperature for a given scattering angle. We can f ind w i th solvent quality 
change f rom good, theta and f inal ly bad, the internal mot ion exists. The peak related 
to the internal motions becomes smaller and smaller as the solution temperature 
decreases. Eq 2.3 shows that for a given q, TJ{Dq ) is proportional to l/i?h because 
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Rh / ( M " ] ) is a weak function of the chain conformation. This is why the peak related 
to internal motions in Figure 5.3 shifts to the right as temperature goes down. 
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Figure 5.3 Solution-temperature dependent line-width distributions 
G [ r / (D^ )] o f P M M A linear chains in acetonitrile, where 
the peak related to internal motions is enlarged by a factor 
o f 20 times for a better view. 
Figure 5.4, shows in quantity the weighting percent o f the internal motion at 
different angles changes as the solvent quality varies from good to bad. Firstly, with 
the scattering angle increase, Mq decreases gradually, so higher order o f internal 
motion can be seen, so the contribution of internal motions keeps going up. When the 
solvent quality is close to the theta state, A I / ( A I + A D ) increases slightly, this proves 
our speculations again. However, it's different from the PS and PNIPAM chains, the 
contribution from internal motions in good and bad solvent condition don't differ 
much. We think it may due to the difference in chain stiffness. P M M A linear chain is 
not as flexible and soft as PNIPAM and PS chains, which means it cannot stretch and 
rotate as strongly as the other two linear chains. As a result, less difference in internal 
motions contribution is observed considering the solvent condition. Again we find 
the contribution from internal motions attains the highest around the 0 temperature. 
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Figure 5.4 Solution-temperature dependent area ratio A I / ( A I + A D ) 
o f two peaks, respectively, related to internal motions and 
di f fus ion o f P M M A linear chains in acetonitrile at different 
scattering angles, where the dash line marks the point at which 
internal motions become the strongest. 
The conformation assumed by a polymer chain in dilute solution can be modeled 
as a random walk o f monomer subunits using a freely jo inted chain model. However, 
in real polymer solution, polymer coils are more closely represented by a 
self-avoiding walk because o f the excluded effect，namely conformations in which 
different chain segments occupy the same space are not physically possible. This 
effect causes the polymer to expand. A t the same time, chain conformation is also 
affected by solvent quality. The interactions between polymer chain segments and 
coordinated solvent molecules have an associated energy o f interaction wh ich can be 
positive or negative. For a good solvent, interactions between polymer segments and 
solvent molecules are energetically favorable, and w i l l cause polymer coils to expand. 
For a poor solvent, polymer-polymer self-interactions are preferred, and the polymer 
coils w i l l shrink. I f a solvent is precisely poor enough to balance the effects o f 
excluded volume expansion, the theta ( 0 ) condition is attained.i4’i5 
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Previously there are several experimental methods to determine the 0 temperature 
for a given solvent, like osmotic pressure and static laser l ight scattering, which base 
on the static property o f the polymer solutions. However, the inter-chain interaction 
cannot be avoided when series o f polymer solution wi th different concentrations are 
prepared, which deviates from the definition o f the 0 condition including only the 
intra-chain interactions. When we studied the internal motions change wi th the 
solvent quality, we mainly concentrate on the intra-chain activity and inter-chain 
effect can be minimized due to the very dilute polymer solutions we used. This may 
be an advantage compared wi th the classical methods measuring the 0 temperature 
of the polymer solutions. 
5.4 Conclusion 
Internal motions o f poly(methyl methacrylate) linear chains in acetonitrile are 
examined. In good, theta and poor solvents, thermal energy {k^T) is able to excite the 
entire linear chain to undergo the diffusive mode as wel l as the internal mode. 
Internal motions o f P M M A linear chains are detectable when x < 1 where x 二 (qRgf 
with Rg the radius o f gyration, which is quite different f rom the case of PNIPAM and 
PS linear chains. Since it's also different from the theoretic description, we w i l l apply 
higher molecular weight sample to examine i f we can derive the similar result. The 
contribution f rom internal motions is comparable in both good and bad solvent, 
indicating the l imited suppression o f the P M M A chains and also the different 
characteristics in chain stiffness and conformation concerning the classical flexible 
linear chain. Our result shows again that the contribution o f internal motions is the 
highest around © temperature. This may lead a helpful and more convenient way to 
determine the © temperature for polymer solutions. 
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